An important unanswered question in phototransduction is how visual pigments (VPs) regulate their wavelength of maximal absorption (hmax). By constructing the evolutionary tree for 28 opsins with known hmax values, we can identify the times and directions of hmax shift of different VPs. A total of 55 amino acid changes are shown to correlate with the directions of hmax shift and might have been important in determining hmax of a VP. Among these, three amino acid changes are already proven to be responsible in modifying the green-sensitive VP to the red-sensitive VP. The present evolutionary analysis opens a new direction in understanding the mechanism for the regulation of wavelength absorption by a VP and, more generally, in studying molecular mechanism involved in adaptive evolution.
Introduction
Visual pigments (VPs) are the light-absorbing proteins in the retina responsible for the capture of photons and the initiation of visual excitation. Each VP consists of an integral membrane protein, opsin, covalently joined via a protonated Schiff's base to a chromophore, either 1 I-cis retinal or 3-dehydroretinal. A major function of VPs is measured by the wavelength of maximal absorption (hmax). The hmax has been determined for a large number of vertebrate VPs (e.g., see Lythgoe 1972) . In humans, the VPs in rods, rhodopsins, mediate vision in dim light and have a hmax of 496 nm, and three types of cone VPs have a hmax of 420, 530, and 558 nm (Dartnall et al. 1983) , which are sufficient to see the entire spectrum of visible color. The four human opsins are encoded by four different opsin genes (Nathans and Hogness 1984; Nathans et al. 1986) .
A central unanswered question in phototransduction is how VPs achieve a wide range of hmax, from -350 to -560 nm, using the same chromophore. Presumably, amino acid sequence differences among the opsins determine their distinctive absorbance spectra. Several authors approached this problem using sitedirected mutagenesis of the bovine rhodopsin gene. The majority of mutants have been generated to test the role of charged amino acids in the spectral tuning (Sakmar Mol Zhukovsky and Oprian 1989; Nathans 1990a Nathans , 1990b Weitz and Nathans 1993) . In these analyses, it has been found that one amino acid change E + Q at the 113th residue (El 13Q) shifts hmax from 500 nm to 380 nm (Sakmar et al. 1989; Zhukovsky and Oprian 1989; Nathans 1990b) . Several other mutants also shift the hmax of the VP by 7-33 nm (Weitz and Nathans 1993) . So far, however, most of these mutants are not found in nature, and the significance of such amino acid changes in the regulation of absorption spectra is not necessarily clear. In 1990, we proposed that three amino acid changes Al 8OS, F277Y, and A285T are important in modifying the green-sensitive VP into red-sensitive VP (Yokoyama and Yokoyama 1990 ; see also Neitz et al. 199 1) . This proposal, based on an evolutionary argument, was tested by Chan et al. (1992) , who have shown that these three changes are sufficient for an opsin to shift hmax by about 30 nm (see also Asenjo et al. 1994) . Here I shall explore this evolutionary approach further by considering all opsins with known hmax values. By comparing the evolutionary relationship of opsins and direction of shift in their hmax values, I will propose a new set of potentially important amino acid changes that may modify the wavelength of absorption.
Identification of such amino acid changes is of great interest because they have been actually accepted by organisms. Importantly, the effects of these mutations can be experimentally tested, and the analyses provide an excellent opportunity to understand molecular mechanism for adaptive evolution of opsins.
Yokoyama Material and Methods

Amino Acid Sequence Data
Both hmax values and source for the sequences of 28 vertebrate opsins are shown in table 1. The amino acid sequences of these opsins and those from fruit fly (Drosophila melanogaster, Rh 1; GenBank K023 15, Rh2; M12896, Rh3; M17718, Rh4; Ml7719 and M 17730), octopus (Paroctopus defleini, X07797), squid (Loligo forbesi, X56788), crayfish (Procambarus clarkii, S53494), and horseshoe crab (Limulus polyphemus, L03781) were aligned using a multiple-alignment program in CLUSTAL V (Higgins et al. 1992 ) and adjusted further visually to increase their similarity.
Construction of Phylogenetic Trees
The numbers (K) of amino acid replacements per site for pairwise polypeptides were estimated by a Poisson correction. Topology and branch lengths of phylogenetic trees are evaluated using the neighbor-joining (NJ) method (Saitou and Nei 1987) based on the K values Bootstrap supports for branches of the NJ tree were es timated by bootstrap analysis with 1,000 replication (CLUSTAL V; Higgins et al. 1992) .
Results and Discussion
Previous Analyses on Opsin Shift Amino Acid Changes Based on Electrostatic Interaction A protonated retinylidene Schiff's base alone in so lution absorbs maximally at 440 nm (Kite et al. 1968) Any shift from this value, called opsin shift, must corn{ from interactions between the opsin and its retinylidenc chromophore. Kropf and Hubbard (1958) suggested ar electrostatic interaction between retinylidene Schiff'! base and charged amino acid residues in an opsin. T( test this model, several authors modified charged amine acids using the bovine rhodopsin gene by site-directec mutagenesis ( fig. 1 ). Of a total of 33 mutants constructed Hargrave et al. ( 1983) . a, Sakmar et al. 1989; b, Zhukovsky and Oprian 1989; c, Nathans 1990~; d, Nathans 1990b; e, Chan et al. 1992; 11 Weitz and Nathans 1993; g, Merbs and Nathans 1992~; h, Merbs and Nathans 1992b; Asenjo et al. 1994 . Nine residues show a varying degrees of shift in hmax (see also table 2).
which are specified by a-h in figure 1, 8 amino acid changes shifted more than 5 nm in hmax (table 2) . Among these, E 113Q caused the most dramatic shift in hmax, changing from 500 nm to 380 nm. It has been concluded that E 113 serves as the counter-ion to the protonated Schiff's base (Sakmar et al. 1989; Zhukovsky -and Oprian 1989; Nathans 1990b) .
How realistic are these amino acid changes? It turns out that E at residue 113 (E 113) has been completely conserved among all known vertebrate opsins. In fact, most mutants in table 2 cannot be found in currently known opsins. The one exception is Q122, which can be found in Gge467 of gecko and Gga508 of chicken. The change from E to Q at this residue shifted hmax by 20 nm toward blue (table 2) . This blue shift seems to be reflected by Gge467, but not by a red-shifted Gga508. Thus, with the exception of E 112Q, actual effects of most of these amino acid changes on the shift in hmax values in nature remain to be seen.
Amino Acid Changes Based on Evolutionary Hypothesis
By comparing the red and green opsins in human and Mexican fish Astyanax fasciatus, we suggested previously that only two amino acid changes F277Y and A285T, possibly another change Al 8OS, were involved in modifying green opsin into red opsin (Yokoyama and Yokoyama 1990 ). The corresponding two amino acid changes F26 1 Y and A269T in the bovine rhodopsin were shown to shift hmax toward red by 10 and 14 nm, respectively (Chan et al. 1992 ; see table 2). Note that Bta500 is 16 amino acids shorter compared to Hsa530 or Hsa560 because of an additional exon in the red and green opsin genes. The third change A 164s in the bovine rhodopsin (Chan et al. 1992 ) and the corresponding A180S in the human red opsin Nathans 1990a, 1990b) shifted hmax toward red by 2 and 4 nm, respectively. Thus, the three changes explain most shifts from green sensitivity to red sensitivity (see also Asenjo et al. 1994) .
A Phylogenetic Tree and Functional Differentiation of Opsins
The rooted phylogenetic tree for the vertebrate opsins is shown in figure 2 . Figure 2 shows that opsins may be distinguished into four clusters: (1) Lja500, Afa503, Pmi50 1, Cau492, Bre360, Xla502, Rpi502, Gga503, Bta500, Cfa508, Hsa495, and Mmu498 (RHl cluster); (2) Cau5 11, Cau506, Gga508, and Gge467 (RH2 cluster); (3) Cau441, Gga455, Hsa420, and Gga415 (SWS cluster); and (4) Gge52 1, Afa533, Afa563, Cau525, Aca56 1, Gga571, Hsa530, and Hsa560 (LWS/MWS cluster). This grouping is consistent with that given elsewhere (Yokoyama 1994) . The bootstrap supports of forming RH 1 and LWS/MWS clusters are both 1 .O and highly reliable ( fig. 2) . However, those of RH2 and SWS clusterings are 0.97 and 0.53, respectively. When the LWS/MWS cluster is excluded from the analysis, the support of SWS clustering becomes much higher (see Yokoyama 1994) . Knowing the hmax values of the opsins in figure 2, we can identify the time and direction of the functional changes of different opsins. In the RH 1 cluster, Bre360 is most closely related to the rhodopsins in fish (Cau492, Pmi501, and Afa503, in that order), which implies that the ancestor of zebra fish achieved its UV vision using one of the duplicated rhodopsin genes. Zebra fish has a rhodopsin gene, but it needs yet to be characterized. It should be noted that many other vertebrates, including other species of fishes, birds, amphibians, reptiles, and mammals, possess UV vision (Jacobs 1992). The duplication event of the rhodopsin genes in the ancestor of zebra fish seems to have occurred long after the divergence between fish and the other vertebrates ( fig. 2) . This observation strongly suggests that UV vision in zebra fish and those in many other vertebrates have been achieved independently.
In RH2 cluster, the blue shift of Gge467 must have occurred after its divergence from other members (Cau5 11, Cau506, and Gga508). Four members Cau44 1, Gga455, Hsa420, and Gga415 in the SWS cluster seem to have achieved their shortwave-sensitive visions after their common ancestor diverged from that of the RH 1 and RH2 members. The hmax values of Hsa420 and Gga415 are lower than those of Cau44 1 and Gga455, which indicates a further functional differentiation between the two sets of SWS opsins.
In the LWS/MWS cluster, Cau525, Afa563, Aca56 1, Gga57 1, and Hsa560 have the red opsin-specific amino acids Sl80, Y277, and T285, while Gge52 1, Afa533, and Hsa530 have the green-specific Al 80, F277, and A285 (see Yokoyama and Yokoyama 1990) . Cau525 is supposed to encode the red opsin in goldfish (Johnson et al. 1993 ). However, the goldfish red VP detected by microspectrophotometry absorbs maximally at 579 nm when 1 I-cis retinal predominates and 625 nm when 3-dehydroretinal predominates (Tsin et al. 198 1) . Johnson et al. (1993) suggest that Cau525 may be encoded by a variant of the red opsin gene. The discrepancy remains to be resolved. In the present context, however, 
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Amino Acid Replacements and Wavelength Absorption
In order to identify amino acid changes that may be responsible for modifying the wavelength absorption of a VP, we first isolate highly conserved residues, simply because the evolutionary conservation often implies functional importance. To define conserved residues, it is useful to classify the four opsin clusters into two major groups: (1) RH 1, RH2, and SWS clusters (Group I) and (2) LWS/MWS cluster (Group II) (see fig. 2 ). Obviously, a residue is highly conserved if almost all amino acids are identical for all opsins at that residue. However, since the divergence of Groups I and II precedes that between lamprey and other vertebrates, which occurred about 500 mya (e.g., see RH 1 cluster in fig. 2 ), a residue may also be considered to be highly conserved when almost all amino acids within each group are identical but differ between the two groups. Given such a residue, we then identify amino acid changes that are correlated with either blue shift or red shift.
Polymorphic amino acids, satisfying these two conditions, are shown in table 3, which also includes amino acid changes at slightly less conserved residues. Amino acid changes associated with blue shift are shown in figure 3. Of 55 amino acid changes suggested, 40 changes reside inside or very close to the transmembrane regions. If the interaction between the opsin and chromophore is important in regulating the wavelength of absorption, then it is reasonable to assume that some of these 40 amino acid changes might have been important in regulating Xmax. Sl80A, Y277F, and T285A are shown to cause a blue shift in hmax, as already noted.
Two of the 40 amino acid changes may deserve special comments. When Bre360 is compared to the most closely related to Cau492, 27 amino acids differ. Only one amino acid change, W 142K, shows the unique amino acid change in Bre360. Although L56V may have some effect in the blue shift of Bre360 (table 3), the major cause in the development of Bre360 seems to be W 142K, as pointed out by Robinson et al. (1993) . To understand the origin of UV vision in fish, the effects of these two amino acid changes on the shift of Xmax need yet to be determined. Another amino acid change L95V/I is unique, in which L95 has been conserved not only among all vertebrate opsins but also among such distantly related G-protein coupled receptors as muscarinic, adrenergic, olfactory, and dopamine. Amino acid changes at this highly conserved residue suggest that they may be important in the blue shift of visual pigments.
The amino acid changes suggested from the "electrostatic interaction model" and the present "evolutionary model" do not overlap much (fig. 4) . The amino acid changes suggested in the present analysis do not involve negatively charged amino acids and provide a new set of mutants to consider. Importantly, the polymorphic amino acids have been evolutionarily accepted by organisms, actually exist in nature, and may be responsible for Xmax shift. These wild type opsins and their mutant forms, derived by site-directed mutagenesis, can be expressed in cultured cells, reconstituted with 1 lcis retinal, and measured for the absorption spectra of the visual pigments (Sakmar et al. 1989; Zhukovsky and Oprian 1989; Nathans 19900, 1990b; Oprian et al. 199 1; Sakmar et al. 199 1; Chan et al. 1992; Weitz and Nathans 1993) .
As already noted, S 180, Y277, and T285 are characteristic of the red opsin (e.g., Hsa560, Afa563, Cau525, Aca56 1, Gga57 1). Recently, however, the amino acid sequence deduced from a full-length rhodopsin cDNA of the Mexican fish Astyanax fasciatus was found to have Y261, which corresponds to the Y277 of the red opsin. When this clone was expressed in COS-1 cells and reconstituted with 1 I-cis retinal, the hmax of the visual pigments constructed was 504 nm (Yokoyama et al., submitted) . This value is virtually identical to the hmax of 503 nm obtained by microspectrophotometry of rods of the same species when regenerated with 1 lcis retinal after bleaching (F. I. Harosi and J. Kleinschmidt, personal communication), which shows that the cDNA clone encodes Afa503. The mutant Y261F, obtained by site-directed mutagenesis, shifted Amax value by 8 nm toward blue, which is comparable to the 10 nm (Chan et al. 1992 ) and 6 nm (Asenjo et al. 1994 ) of hmax shift in the reverse experiments. With the same techniques, the effects of the proposed amino acid changes on the opsin function can now be rigorously tested. The present evolutionary analysis uses nature's experiments to form predictions that will lead to understanding the regulation of wavelength absorption of VPS.
